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Possible signature of magnetic fields related to quasi-periodic oscillations observed in
microquasars
Martin Kolosˇ,∗ Arman Tursunov,† and Zdeneˇk Stuchl´ık‡
Institute of Physics and Research Centre of Theoretical Physics and Astrophysics,
Faculty of Philosophy and Science, Silesian University in Opava,
Bezrucˇovo na´m.13, CZ-74601 Opava, Czech Republic
The study of quasi-periodic oscillations (QPOs) of X-ray flux observed in the stellar-mass black
hole binaries can provide a powerful tool for testing of the phenomena occurring in strong gravity
regime. Magnetized versions of the standard geodesic models of QPOs can explain the observa-
tionally fixed data from the three microquasars. We perform a successful fitting of the HF QPOs
observed in three microquasars, GRS 1915+105, XTE 1550-564 and GRO 1655-40, containing black
holes, for magnetised versions of both epicyclic resonance and relativistic precession models and
discuss the corresponding constraints of parameters of the model, which are the mass and spin of
the black hole and the parameter related to the external magnetic field. The estimated magnetic
field intensity strongly depends on the type of objects giving the observed HF QPOs. It can be as
small as 10−5 G if electron oscillatory motion is relevant, but it can be by many orders higher for
protons or ions (0.02− 1 G), or even higher for charged dust or such exotic objects as lighting balls,
etc. On the other hand, if we know, for some reasons, magnetic field intensity, our model implies
strong limit on character of the oscillating matter, namely its specific charge.
PACS numbers: 04.70.Bw, 04.25.-g, 04.70.-s, 97.60.Lf
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I. INTRODUCTION
Microquasars are binary systems composed of a black
hole and a companion (donor) star; matter floating from
the companion star onto the black hole forms an accre-
tion disk and relativistic jets - bipolar outflow of matter
along the black hole - accretion disk rotation axis. Due
to friction, matter of the accretion disk becomes to be
hot and emits electromagnetic radiation, also in X-rays
in vicinity of the black hole horizon.
Applying the methods of spectroscopy (frequency dis-
tribution of photons) and timing (photon number time
dependence) for particular microquasars, one can extract
a useful information regarding the range of parameters of
the system [34]. In this connection, the binary systems
containing black holes, being compared to neutron star
systems, seem to be promising due to the reason that any
astrophysical black hole is thought to be a Kerr black hole
(corresponding to the unique solution of general relativ-
ity in 4D for uncharged black holes which does not violate
the no hair theorem and the weak cosmic censorship con-
jecture) that is determined by only two parameters: the
black hole mass M and the dimensionless spin |a| ≤ 1.
One of the promising tools to probe the phenomena
occurring in the field of the black hole candidates is the
study of the quasi-periodic oscillations (QPOs) of the
X-ray power density observed in microquasars. The cur-
rent technical possibilities to measure the frequencies of
∗Electronic address: martin.kolos@fpf.slu.cz
†Electronic address: arman.tursunov@fpf.slu.cz
‡Electronic address: zdenek.stuchlik@fpf.slu.cz
QPOs with high precision allow us to get useful knowl-
edge about the central object and its background. Ac-
cording to the observed frequencies of QPOs, which cover
the range from few mHz up to 0.5kHz, different types of
QPOs were distinguished. Mainly, these are the high
frequency (HF) and low frequency (LF) QPOs with fre-
quencies up to 500 Hz and up to 30 Hz, respectively.
The HF QPOs in black hole microquasars are usually
detected with the twin peaks which have frequency ratio
close to 3 : 2. This is the case of the Galactic black hole
microquasars GRS 1915+105, XTE 1550-564 and GRO
J1655-40, that we consider here.
After the first detection of QPOs, there were many at-
tempts to fit the observed QPOs, and different models
have been proposed, such as the hot-spot models, disko-
seismic models, warped disk model and many versions of
resonance models, developed in the framework of general
relativity or alternative theories of gravity. It is partic-
ularly interesting that the characteristic frequencies of
HF QPOs are close to the values of the frequencies of
test particle, geodesic epicyclic oscillations in the regions
near the innermost stable circular orbit (ISCO) which
makes it reasonable to construct the model involving the
frequencies of oscillations associated with the orbital mo-
tion around Kerr black holes. However, until now, the
exact physical mechanism of the generation of HF QPOs
is not known, since none of the models can fit the ob-
servational data from different sources. Surprisingly, the
situation changes considerably if one assumes the oscil-
lating matter to be electrically charged, and takes into
account the influence of external magnetic fields in the
curved black hole background. This is the main aim of
the present paper, such assumptions are relevant and as-
trophysically motivated due to several reasons described
2below.
Magnetic fields have been detected and measured in
nearly all celestial objects. The existence of accretion
disk around black hole which usually contains highly con-
ducting plasma can lead to the appearance of the regular
electromagnetic fields in the vicinity of a black hole. Jets
from stellar-mass compact objects such as the black hole
microquasars are believed to be generated due to the in-
teraction of charged matter with the gravitational field of
a black hole combined with surrounding electromagnetic
fields, rather than the radiation pressure. Even thought
the total charge of an accretion disk is believed to be
zero, the presence of plasma implies the existence of lo-
cal charges in small limited regions along an accretion
disk which may be influenced by the external magnetic
fields [12]. Moreover, the collimation of jets at large dis-
tances supports the idea of the existence of large-scale
magnetic fields in the interstellar medium.
This implies that the role of magnetic fields in the
vicinity of astrophysical black holes cannot be neglected.
Typically, the Galactic large-scale magnetic fields are
weak, as can be estimated from the intensity of total syn-
chrotron radiation producing the X-rays, or by methods
including the Faraday rotation of the plane of polariza-
tion of a starlight in optical range propagating in a mag-
netized plasma, or by the Zeeman effect in the vicinity
of stars. The average equipartition strength of the mag-
netic field in spiral galaxies is estimated to be of order
∼ 10−5 G. The strength of the magnetic field increases
closer to the center of the Galaxy, achieving from tens up
to hundred Gauss around supermassive black holes [13].
The recent studies of the structure of magnetic fields in
galaxies [7], clearly demonstrate the formation of the spi-
ral patterns in almost all considered galaxies, including
Milky Way. Therefore, black holes can be also immersed
into the external, large scale magnetic fields that can
have globally complicated structure, but at large dis-
tances from its source, in a finite element of space, its
character can be considered as locally uniform.
We concentrate our attention on the particular and
simplified case of weak magnetic fields that are consid-
ered to be asymptotically uniform at spatial infinity, de-
scribed by the well known Wald solution for weakly mag-
netized black holes [54]. The condition of the weakness
of magnetic field implies the fact that its stress-energy
tensor does not violate the geometry of the black hole
spacetime. In this sense the test field approximation can
be applied when the strength of the magnetic field in the
vicinity of a black hole with massM fulfills the following
condition (see, e.g., [16])
B << BG =
c4
G3/2M⊙
(
M⊙
M
)
∼ 1019
M⊙
M
Gauss . (1)
Obviously, for astrophysical black holes the weak field
condition (1) is perfectly satisfied. However, as we will
see in the following sections, for the motion of charged
test particles the magnetic field plays a crucial role due
to the large factor of the specific charge q/m entering the
equations.
In the present paper, we consider the motion of charged
test particles around a Kerr black hole immersed into
an external asymptotically homogeneous magnetic field
having the field lines aligned with the black hole ro-
tation axis. We look especially for the existence and
properties of the harmonic or quasi-harmonic oscillations
of charged particles in the magnetized black hole back-
grounds. The quasi-harmonic oscillations around a stable
equilibrium location and the frequencies of these oscilla-
tions are then compared with the frequencies of the HF
and LF QPOs observed in the three particular micro-
quasars GRS 1915+105, XTE 1550-564, and GRO 1655-
40 [27, 51]. We demonstrate that the effect of the external
magnetic field, which is usually neglected in most of the
QPO models, allows us to fit the observed QPO frequen-
cies for different sources in a single model. Assuming the
detected X-rays in QPOs are generated due to the syn-
chrotron radiation of electrons, we estimate the magnetic
field strength necessary and sufficient for the fitting of
the QPOs frequencies. We show that the magnetic field
strength in this case is of the order which is comparable
to the magnitude of the Galactic magnetic field. In prin-
ciple, the oscillating matter could be constituted from
heavier particles, protons, ions, charged dust, or some
exotic objects similar to ball lighting, proposed in [49];
for such possible sources, the magnetic field should be
significantly stronger than in the electron case, in depen-
dence on specific charge.
Influence of the magnetic field on the charged test par-
ticle motion around black holes has been already studied
in literature [16, 23, 24, 26]. Charged particle motion
in an uniform magnetic field, and related high frequency
oscillations, have been studied for Schwarzschild black
holes in [22], locally measured angular frequencies for
the magnetized Kerr black hole with the dynamics of
charged particles were studied in [53]. A complemen-
tary simple model of creation of charged jets has been
introduced in [45]. For charged particle motion in the
Reissner-Nordstro¨m and Kerr-Newman backgrounds see
[5, 10, 31, 32, 41]. The effect of the dipole magnetic field
on the oscillatory charged particle motion has been stud-
ied in [3, 4]. The dipole magnetic field configuration is
assumed to be much more relevant for neutron star X-
ray binaries, while for black hole X-ray binaries we can
use the uniform configuration of the magnetic field. The
influence of the magnetic field on the modes of the disko-
seismic oscillations of an accretion disk orbiting a black
hole, and its relation to observed HF QPOs, has been
studies in [19].
Throughout the present paper, we use the spacelike sig-
nature (−,+,+,+), and the system of geometric units
in which G = 1 = c. However, for expressions having
astrophysical relevance we use the physical constants ex-
plicitly. Greek indices are taken to run from 0 to 3.
3II. CHARGED PARTICLE MOTION IN THE
FIELD OF MAGNETIZED KERR BLACK HOLE
We start from the general description of the motion
of a charged test particle in the field of a rotating black
hole in the presence of the external magnetic field. The
geometry of the rotating black hole is given by the Kerr
metric
ds2 = gttdt
2+2gtφdtdφ+gφφdφ
2+grrdr
2+gθθdθ
2, (2)
with the nonzero components of the metric tensor gµν
taking in the standard Boyer-Lindquist coordinates the
form
gtt = −
(
1−
2Mr
Σ
)
, gtφ = −
2Mra sin2 θ
Σ
,
gφφ =
(
r2 + a2 +
2Mra2
Σ
sin2 θ
)
sin2 θ,
grr =
Σ
∆
, gθθ = Σ, (3)
where
Σ = r2 + a2 cos2 θ, ∆ = r2 − 2Mr + a2. (4)
Here, M is the gravitational mass of the black hole and a
is its spin parameter. The physical singularity is located
at the ring with r = 0, θ = pi/2. The outer horizon is
located at
r+ = M + (M
2 − a2)1/2. (5)
A. Uniform external magnetic field
The external axially symmetric and asymptotically ho-
mogeneous magnetic field implies the electromagnetic
field potential which is solution of the vacuum Maxwell
equations taking in general the form [54]
Aα =
B
2
(
ξα(φ) + 2aξ
α
(t)
)
−
Q
2M
ξα(t). (6)
Here Q refers to the induced electric potential which
exists due to the rotation of the black hole giving the
contribution to the Faraday induction. This causes the
process of a selective accretion of charged particles into
the rotating black hole. However the stage of the se-
lective accretion ends shortly in the most of the astro-
physical scenarios when the black hole gets the induced
charge Q = QW ≡ 2aMB. The charge QW is called the
Wald charge. Finally, the four-vector potential of an elec-
tromagnetic field after the process of selective accretion
completed takes form Aα = 12Bξ
α
(φ), where B denotes the
intensity of the asymptotically uniform magnetic fiels;
ξ(φ), ξ(t) denote the axial and time Killing vector fields.
Hereafter, we will consider two limiting cases with the
induced charge Q of a black hole: Q = 0 and Q = QW.
So, the four vector potential of electromagnetic field for
these two cases takes the form
Aα0 =
B
2
(
ξα(φ) + 2aξ
α
(t)
)
, AαW =
B
2
ξα(φ). (7)
One can neglect the gravitational effect of the induced
charge, if the following condition is satisfied [53]
Q << QG = 2G
1/2M ≈ 1031
M
10M⊙
statC. (8)
This condition holds well in our approach since the max-
imal induced charge of a magnetized rotating black hole,
namely QW, is 12 orders of magnitude less than QG for
the solar mass black holes.
The electromagnetic field tensor reads Fµν = Aν,µ −
Aµ,ν . For the potential (6), and in the equatorial plane
θ = pi/2, one can write the nonvanishing independent
components of Fµν as
Frφ =
B(r3 ± a2)
r2
, Frt = ∓
aB
r2
, (9)
where the upper and lower signs correspond to the cases
with Q = 0 and Q = QW , respectively. The expressions
for the Maxwell tensor Fµν in the equatorial plane will
be useful in the next section for the calculation of the
frequencies of the charged particle epicyclic oscillations.
In general, the antisymmetric tensor Fµν has 4 nonzero
components in the magnetized rotating black hole case.
In order to describe the dynamics of the charged par-
ticle motion, we introduce the following dimensionless
parameters
B =
qBM
2m
, Q =
qQ
2mM
. (10)
Putting hereafter for the shortness M = 1, the Wald
charge corresponds to QW = 2aB. The parameter B
we will be called the magnetic parameter [53]. The es-
timation of the magnitude of the magnetic parameter
shows that the effect of even weak magnetic field cannot
be neglected for the charged particle motion due to the
large value of the specific charge q/m of the test parti-
cle. For example, for electrons in the vicinity of a stellar
mass black hole M ≈ 10M⊙ with the magnetic parame-
ter B ≈ 1, the magnetic field strength corresponds to the
value of B ≈ 0.002 G; for protons in the same conditions,
the strength of magnetic the field B has to be 1836 times
stronger. More detailed analysis of the magnetic param-
eter in astrophysical scenarios related to the generation
of QPOs observed in the black hole microquasars will be
given in Sec. IV.
B. Circular obits of charged particles
The motion of a charged particle with charge q and
mass m in curved spacetime in the presence of electro-
magnetic field can be treated by the Lorentz equation
duµ
dτ
+ Γµαβu
αuβ =
q
m
gµρFρσu
σ, (11)
4where uµ = dxµ/dτ is the four-velocity of the particle.
The regular motion of charged particles in magnetized
black hole backgrounds is always bounded in radial di-
rection which makes important to study the cyclic mo-
tion of the particles. In particular, the circular motion
of a particle is possible in the equatorial plane θ = pi/2,
which follows from the properties of the symmetry of the
geometry and background electromagnetic field.
The four velocity of the circular motion has only 2
nonvanishing components, uµ = {ut, 0, 0, uφ}. This im-
plies that for the equatorial circular motion, the radial
component of Eq. (11) can be written in the form
(a2−r3)(uφ)2−2B(r3±a2)uφ−2a(uφ∓B)ut+(ut)2 = 0,
(12)
where the upper sign corresponds to the case with Q =
Q = 0, and the lower sign to the case with Q = QW . The
normalization condition gµνu
µuν = −1 gives the second
equation for the nonzero components of the four-velocity
in the form
(a2(2+r)+r3)(uφ)2−4auφut−(r−2)(ut)2+r = 0, (13)
which is obviously independent of the electromagnetic
parameters B and Q. Eq. (12) and (13) allow us to find
two expressions for two unknown quantities ut and uφ.
The explicit form of analytical expressions for ut and uφ
cannot be represented in a simple form, however we can
easily solve it numerically. Results of the numerical cal-
culations will be demonstrated in the following section.
This form of the equations of motion will be useful for
the calculation of frequencies of the quasi-harmonic os-
cillations of charged particles along circular orbits in the
field of magnetized black holes.
One can find the equations of motion in a different way
using the Hamiltonian formalism. Due to the symmetries
of the Kerr geometry and the axial symmetry of an ex-
ternal magnetic field, the components of four velocity are
related to the conservation of the following quantities
−E =
Pt
m
= gttu
t + gtφu
φ +
q
m
At, (14)
L =
Pφ
m
= gφφu
φ + gtφu
t +
q
m
Aφ, (15)
where E = E/m and L = L/m are identified as the
specific energy and specific angular momentum of the
charged particle, respectively. This gives us a right to
write the Hamiltonian of the charged particle motion in
the form [55]
Hp =
1
2
gαβ(Pα − qAα)(Pβ − qAβ) +
1
2
m2, (16)
where Pµ is a generalized (canonical) four-momentum re-
lated to the four-velocity by the relation
Pµ = muµ + qAµ. (17)
Equations of motion can be then written, in the form of
the Hamilton equations
dxµ
dζ
≡ muµ =
∂H
∂Pµ
,
dPµ
dζ
= −
∂H
∂xµ
, (18)
where the affine parameter ζ = τ/m is related to the
proper time of the particle τ . The dynamics of charged
particles in magnetized rotating black hole background
was studied in detail in [53], where we use the Hamilto-
nian formalism combined with the so called formalism of
forces which allows us to find the analytical solutions for
the motion of charged particles. Stability of the circu-
lar orbits is also discussed in [53] - the harmonic quasi-
periodic oscillations are allowed only around the stable
circular orbits.
III. HARMONIC OSCILLATIONS AS
PERTURBATION OF CIRCULAR ORBITS
In order to describe the oscillatory motion of charged
particle we use the perturbation of the equations of mo-
tion around the stable circular orbits. If a charged test
particle is slightly displaced from the equilibrium position
xµ0 corresponding to a stable circular orbit located at the
equatorial plane, the particle will start to oscillate around
the stable orbit realizing thus epicyclic motion governed
by linear harmonic oscillations. Following [2], one can
introduce the deviation vector ξµ(τ) = xµ(τ) − xµ0 (τ).
Substituting the deviation vector into the equation (11)
and using the first order of expansion, we get the equa-
tion for ξµ in the form
d2ξs
dt
+Ω2sξ
s = 0, s = r, θ, (19)
where Ωr,Ωθ are the epicyclic frequencies of the particle
oscillations near the black hole, measured by a distant
static observer. The radial and vertical oscillatory fre-
quencies for the case Q = QW = 2aB take the explicit
form
Ω2θ =
αuφ(uφ + 2B) + βut(uφ + B) + 2a2(ut)2
r5(ut)2
, (20)
Ω2r =
γuφ(uφ + 2B) + µut(uφ + B) + ρ(ut)2 + σ
r5(ut)2
,(21)
where the introduced coefficients read
α = r5 + a2r2(4 + r) + 2a4,
β = −4a(r2 + a2),
γ = r4(−8 + 3r) + a2r(2 − 10r + r2)− 4a4,
µ = 4a(2a2 − r + 3r2),
ρ = 2(−2a2 + r − r2),
σ = 4B2r((−2 + r)r3 − a2(1 + 2r)), (22)
while uφ and ut are the components of the four velocity
of the oscillating particle given by the solution of Eq.
(12) and (13). The frequencies for the case with the zero
induced charge will be similar to the Eq. (20) and (21).
The difference between the frequencies of the oscillations
in the presence, Ω(W), and the absence, Ω(0), of the Wald
5charge are given by the following expressions
Ω2θ(W) − Ω
2
θ(0) =
8a2B
r5(ut)2
(
(a2 + r2)uφ − aut
)
, (23)
Ω2r(W) − Ω
2
r(0) =
−2aB
r5(ut)2
(
µuφ + 2ρut + 8aBr2
)
.(24)
Note that the epicyclic frequencies (20) and (21) are given
for the oscillations measured from the rest at infinity. Lo-
cally measured frequencies of the radial and latitudinal
harmonic oscillations were presented in our previous pa-
per [53] in terms of the energy and angular momentum
of a charged particle at the circular orbit. In addition to
the epicyclic frequencies Ωr and Ωθ, there exist also the
Keplerian frequency, ΩK , and so called Larmor angular
frequency, ΩL, associated with the pure contribution of
an external uniform magnetic field, that are given by the
relations
ΩK ≡ Ωφ =
dφ
dt
=
uφ
ut
, ΩL ≡
qB
mut
=
2B
ut
. (25)
The Larmor angular frequency depends only on the
strength of the magnetic parameter B and the redshift
factor ut. It is fully relevant in large distances from the
black hole where influence of the uniform magnetic field
becomes to be crucial.
The expressions for the fundamental frequencies (20),
(21) and (25) are given in the dimensionless form. In the
physical units, one needs to extend the corresponding
formulas by the factor c3/GM . Then the frequencies
of the charged particle radial and latitudinal harmonic
oscillations, and the Keplerian frequency, measured by
the distant observers in Hz, are given by
νi =
1
2pi
c3
GM
Ωi[Hz], (26)
where i ∈ {r, θ, φ}. The radial profiles of the frequencies
νi are shown in Fig. 1, the analysis of the properties
of these frequencies and their relations is given in the
following subsection.
A. Frequencies of charged particle oscillations
The properties of the motion of charged particles
around a black hole immersed in an uniform magnetic
field can be separated into four qualitatively different
classes [53]. For the particles a with positive charge one
can distinguish the following orbits
i. Prograde anti-Larmor orbits (PALO) with L >
0,B > 0. Particle is co-rotating. Magnetic field lines
co-oriented with the rotation axis of the black hole. The
Lorentz force is repulsive, i.e., directed outwards the
black hole.
ii. Retrograde Larmor orbits (RLO) with L < 0,B >
0. Particle is counter-rotating. Magnetic field lines co-
oriented with the rotation axis of the black hole. The
Lorentz force is attractive, i.e., directed towards the black
hole.
iii. Prograde Larmor orbits (PLO) corresponding to
L > 0,B < 0. Particle is co-rotating. Magnetic field lines
counter-oriented to the rotation axis of the black hole.
The Lorentz force is attractive, i.e., directed towards the
black hole.
iv. Retrograde anti-Larmor orbits (RALO) correspond-
ing to L < 0,B < 0. Particle is counter-rotating. Mag-
netic field lines counter-oriented with the rotation axis
of the black hole. The Lorentz force is repulsive, i.e.,
directed outwards the black hole.
In case of the non-rotating Schwarzschild black holes,
PALO/RALO and RLO/PLO classes coincide. In the
absence of a magnetic field, for rotating black holes, the
classes PALO/PLO and RALO/RLO coincide.
Classifying orbits as given above, we plot the radial
profiles of the frequencies νθ, νr and νφ of small harmonic
oscillations of charged particle measured by distant static
observer in Fig. 1, for characteristic values of black hole
spin a and magnetic parameter B. The frequencies have
been calculated using formula (26) in case of small dis-
placements from equatorial plane. The magnetic field
presence increases the value of the radial (horizontal)
frequency νr and the largest increase of the frequency
νr can be observed in the PALO/RALO cases. It is also
notable that νr does not tend to zero for large values
of radial coordinate r; this is caused by the role of the
uniform magnetic field at large distances from the black
hole. The radial frequency νr vanishes at the innermost
stable circular orbit (ISCO),
νr(rISCO) = 0. (27)
The position of ISCO for magnetic parameter B = ±0.05,
in dependence on black hole spin a, is plotted in Fig.
2. The detailed analysis of the properties of the ISCO
radii for different values of the magnetic field parameter
has been presented in [53]. Below the ISCO radius, the
particle starts to spiral down into the black hole. The
Keplerian frequency νφ related to the orbital coordinate
velocity by relation (25) behaves differently for different
classes of the circular orbits. For PALO/RALO config-
urations, with repulsive Lorentz force, νφ frequency (as
well as orbital uφ velocity [53], decreases with increas-
ing the magnetic parameter B. For PLO/RLO configu-
rations, with attractive Lorentz force, the frequency νφ
increases with increasing the magnetic parameter B. The
radial profile of the vertical frequency νθ does not have
strong dependence on magnetic parameter B. Since the
charged particle motion in vertical direction is not af-
fected by the magnetic field, the Lorentz force acting on
a charged particle is oriented in horizontal direction.
The frequencies in Fig. 1. have been calculated for
Kerr black hole with M = 10 M⊙ mass. The change
of the mass of the black hole leads to the change only
in scale of the plots, but not their shapes due to (26).
The frequencies of oscillations depend also on the induced
charge parameter Q; however, for small values of param-
6Figure 1: Radial profiles of the frequencies of small harmonic oscillations νθ, νr and νφ of charged particle around Kerr black
hole with mass M = 10M⊙ and spin a in external magnetic field measured by static distant observer. The first row represents
the influence of magnetic parameter B in the absence of rotation (first two figures) and rotation in the nonmagnetic case (last
two figures). Second row represents the Kerr black hole with a = 0.7 with magnetic parameter B = ±0.1. Since the differences
between Q = 0 and Q = QW cases is negligible, see discussion of eq. (23-24), the case Q = QW is considered only. Last row
represents the effect of nearly extremal Kerr black hole with a = 0.99 for the values of magnetic parameter B = ±0.1.
eter B and non-extremal spin a, the difference between
Q = 0 and Q = QW cases is negligible, see equations
(23-24). Therefore one can use the only, e.g., Q = QW
case, which is plotted in Fig. 1.
In the Newtonian theory of gravity the fundamental
frequencies νr, νθ and νφ of a particle moving around cen-
tral object are equal to each other
νr = νθ = νφ =
1
2pi
c3
GM
1
r3/2
, (28)
and the elliptical trajectory is the only possible trajec-
tory for bound orbits. For an uncharged particle orbit-
ing Schwarzschild black hole, we have νr 6= νθ = νφ and
hence the perihelion shift of bound quasi-elliptical tra-
jectory can be observed.
Fundamental frequency difference in full GR theory
allows construction of different HF QPOs geodesic mod-
els, where the ratio between fundamental frequencies be-
come important. In the absence of magnetic field, the
point where any two of fundamental frequencies could
cross each other does not appear in the vicinity of a black
hole. The frequencies coincide only in far distances from
a black hole where the spacetime is asymptotically flat.
But in the presence of magnetic field, the radial profiles of
frequencies νr, νθ and νφ cross each other in the vicinity
of a black hole as demonstrated in Fig. 1.
7Figure 2: Position of particle innermost stable circular orbit
(ISCO) in rotating Kerr black hole spacetime. Co-rotating
particle ISCO L > 0 is shifted towards black hole horizont
with increasing black hole spin a, while counter-rotating par-
ticle ISCO L < 0 is shifted away. Non-magnetic case B = 0
is plotted as thick gray curves, for positive value of magnetic
parameter B = 0.05 (PALO,RLO) we use solid black curve,
while for negative value of magnetic parameter B = −0.05
(PLO,RALO) we use dashed black. Hatched region is area
below outer horizon.
Concentrating our attention on the stable circular per-
turbations, we will further focus on small values of the
magnetic parameter B < 1. But it is worth to note, that
for large values of B >> 1, the radial profiles of funda-
mental frequencies in RLO and PLO motion practically
ceases the change of their profiles with increasing B. An-
other interesting fact is that the charged particle motion
in magnetized black hole background have many similar-
ities with the ”string-loop” motion which was described
in [22, 42, 43].
IV. QPO MODELS AND INFLUENCE OF
MAGNETIC FIELDS
The charged particle oscillations around circular or-
bits, studied in the previous section, suggest interest-
ing astrophysical application, related to LF QPOs and
HF QPOs observed in many Galactic Low Mass X-Ray
Binaries (LMXB) containing neutron stars [6] or black
holes [9, 33]. We have selected three microquasars, GRS
1915+105, XTE 1550-564 and GRO 1655-40, where the
central object is a black hole candidate and for which
the massesM and spins a are estimated, see Tab. I. The
limits on the values of the mass and the spin of the black
hole using the spectral continuum fitting, which is inde-
pendent of the QPO methods and does not include the
effect of external large-scale magnetic fields, can be found
in [34, 36, 37]. In the following subsection, we discuss
the general constraint methods of black hole parameters
from QPOs and the possible influence of external mag-
netic fields on the predictions of the rotation and mass
parameters of black holes. In the later subsections we de-
scribe the general technique useful for the QPO fittings
Figure 3: Fitting the observed HF QPOs frequencies with
the formula (29) plotted as dashed line. On the horizontal
axis we have black hole predicted mass, on the vertical line is
observed upper QPOs frequency fU.
and particularly consider two most common QPO mod-
els, known as epicyclic resonance and relativistic preces-
sion models, modifying them accordingly by taking into
account the effects of magnetic field.
A. General properties of QPOs and constraints of
black hole parameters
The peaks of LF QPOs with frequencies flow and the
twin peaks of the HF QPOs with upper fU and lower fL
frequencies are sometimes observed in the Fourier power
spectra. In the microquasars, i.e., LMXB systems con-
taining a black hole, the twin HF QPOs appear at the
fixed frequencies that usually have nearly exact 3 : 2 ra-
tio [27]. The observed high frequencies are close to the
orbital frequency of the marginally stable circular orbit
representing the inner edge of the accretion disks orbit-
ing black holes; therefore, the strong gravity effects are
believed to be relevant for the explanation of HF QPOs
[51].
The models of twin HF QPOs involving the orbital
motion of matter around black hole can be generally sep-
arated into four classes: the hot spot models (the rela-
tivistic precession model and its variations [39, 49], the
tidal precession model [25]), resonance models [48, 50, 51]
and disk oscillation (diskoseismic) models [29, 35]. These
models were applied to match the twin HF QPOs and the
LF QPO for the microquasar GRO J1655-40 in [47]. Of
course, the models can be applied also for intermediate
massive black holes [44].
Unfortunately, none of the models recently discussed
in literature, based on the frequencies of the harmonic
geodesic epicyclic motion, is able to explain the HF QPOs
in all three microquasars simultaneously, assuming that
their central attractor is a black hole [52]. There is no
generally accepted QPOs model for micorquasars, the ob-
served HF QPO frequencies can be nearly fitted by the
8following heuristic formula (see Fig. 3)
µU = 2.7kHz(M⊙/M). (29)
Presented formula is useful not only for the black holes
with few solar masses (including three microquasars pre-
sented in our paper), but also for objects with completely
different mass magnitudes such as active galactic nuclei
[11, 28, 51]. Existence of a simple formula (29) nearly
fitting the observational data implies the presence of the
general mechanism in black hole physics related to the
generation of QPOs. Moreover, if such a mechanism ex-
ists, it has to be almost independent (or weakly depen-
dent) on the black hole spin, since, e.g., considered three
microquasars have completely different spin estimations
(see Tab. I), while can be fitted using the formula (29),
independent of the spin parameter a. As one can see from
Fig. 4, the straight dashed line corresponding to Eq. (29)
fits all the three microquasars with the different values
of the spin parameter a. It is quite challenging to find
a single model within which one can fit the frequencies
with predicted mass M and spin a parameters [11].
As it will be demonstrated in the next subsections, the
presence of external uniform magnetic field can change
the situation substantially allowing us to perform the fit-
ting of all the three microquasar sources of HF QPOs.
However, one has to point out that taking into account
the effects of magnetic fields can potentially affect the
predictions of the black hole spin and the mass, given in
Tab. I. As it was mentioned above, the estimates of the
parametersM and a given in the Table I are based on the
fitting of the continuum spectrum which does not take
into account the possible interaction of charged particles
with external magnetic field. While the mass of the cen-
tral object can be estimated using several different meth-
ods, e.g. observing the motion of the companion star, the
prediction of the black hole spin parameter is quite sensi-
tive on the position of the inner edge of an accretion disk,
which is believed to be located close to the innermost sta-
ble circular orbit (ISCO) of test particle. Particularly, in
the spectral continuum models the ISCO location is one
of the most important characteristics influencing the spin
parameter constraints. However, the ISCO position for
the charged particle moving around black hole signifi-
cantly depends on the magnetic field, as one can see in
Fig. 2, or in Fig. 6 and 7 of our recent paper [53]. For in-
stance, the presence of such a small magnetic parameter
B = 0.05 in case of the Schwarzschild black holes, shifts
the position of the ISCO radius considerably, decreasing
it from 6M (for neutral particle) to 5M . This occurs due
to the Lorentz force acting on a charged particle, which
shifts the ISCO position towards the black hole horizon.
For the large values of magnetic parameter B >> 1 the
ISCO position can be shifted extremely close to the hori-
zon radius of the black hole. Similar shift of the ISCO
position occurs with increasing the spin parameter of the
black hole. The ISCO radius coincides with the horizon
radius in the extremely rotating black hole case, a = 1.
This implies that the uniform magnetic field can in some
sense mimic the black hole spin a in the sense that both
increasing a and B shift ISCO to the black hole horizon
for corotating particles, see Fig. 2. Thus, the implication
of a magnetic field on the spectral continuummodel could
lead to the new predictions of black hole spin parameter
a, shifting it to lower values, amag < anomag, than the one
we have in the ’non-magnetic’ spectral continuum fitting
(Table I).
The influence of strong magnetic fields (with B >> 1)
on the profiled Fe spectral lines has been studied in [57]
where the authors calculated the splitting of the profiled
Fe spectral lines through the Zeeman effect. In case of
a weak magnetic field, the modified profiled Fe spectral
line originate from different angular velocity distribution
inside the accretion disk, and the shift of the inner edge of
the accretion disk towards the black hole horizon [17, 18].
Source GRO 1655-40 XTE 1550-564 GRS 1915+105
fU [Hz] 447 — 453 273 — 279 165 — 171
fL [Hz] 295 — 305 179 — 189 108 — 118
flow [Hz] 17.3 10 10
M/M⊙ 6.03 — 6.57 8.5 — 9.7 9.6 — 18.4
a 0.65 — 0.75 0.29 — 0.52 0.98 — 1
Table I: Observed twin HF QPO data for three microquasars
and the restrictions on mass and spin of the black holes lo-
cated in them, based on measurements independent of the
HF QPO measurements given by the optical measerument
for mass estimates and by the spectral continuum fitting for
spin estimates [34, 36]. Note that in the GRS 1915+105 mi-
croquasar more HF QPOs are observed [8]. Here we con-
centrate attention to the pair of HF QPOs demonstrating the
frequency ratio 3:2, common with those observed in other two
microquasars.
B. Resonant radii and the fitting technique
The HF QPOs come in pair of two peaks with upper
fU and lower fL frequencies in the timing spectra. For
the QPOs from black hole microquasars given in Tab. I,
the frequency ratios fU : fL are very close to the fraction
3 : 2. Observation of this effect in different non-linear
systems indicates the existence of the resonances between
two modes of oscillations. In case of geodesic QPO mod-
els, the observed frequencies are associated with the dif-
ferent linear combinations of the particle fundamental
frequencies νr, νθ and νφ. In the presence of magnetic
field the upper and lower frequencies of HF QPOs are
the functions of magnetic parameter B, black hole mass
M , spin a and the resonance position r,
νU = νU(r,M, a,B), νL = νL(r,M, a,B). (30)
It is worth to note that the frequencies νU and νL are
inversely proportional to the mass M of a black hole,
while the dependence of frequencies on the spin a and
9Figure 4: Fitting the observed microquasar parameters with
epicyclic resonance and relativistic precession models of HF
QPOs (solid lines) in the absence of magnetic field. As it
can be seen, none of the most common HF QPOs models
is able to explain the observed HF QPOs for all the three
microquasars. Plus sign is used for corotating while minus
for counter-rotating orbits. On the horizontal axis the black
hole spin a is given, while on the vertical axis we give black
hole mass M divided by observed upper HF QPOs frequency
νU. Such mass scaling is using νU ∼ 1/M relation (see eq.
(29)) and allow us to compare all three microquasars in one
figure. Black boxes are predicted values of black hole mass
M and spin a, see table I, the thick dashed line is given by
heuristic equation (29).
magnetic field B is more complicated and hidden inside
Ωr,Ωθ,Ωφ functions, as given by equation (26).
The resonant models of the twin HF QPOs assume a
particular parametric or non-linear forced resonance of
the oscillatory modes of the accretion disk [2]. In order
to fit the frequencies observed in HF QPOs with the black
hole parameters, one needs first to calculate the so called
resonant radii r3:2 (r2:3)
νU(r3:2) : νL(r3:2) = 3 : 2, νU(r2:3) : νL(r2:3) = 2 : 3.
(31)
Resonant radii r3:2 (or r2:3) in general case are given as
the numerical solution of higher order polynomial in r,
for given values of spin a and magnetic field B parame-
ters. Since the equation (31) is independent of the black
hole mass explicitly, the resonant radius solution also has
no explicit dependence on the black hole mass and tech-
niques introduced in [49] can be used. Substituting the
resonance radius into the equation (30), we get the fre-
quencies νU and νL in terms of the black hole mass, spin
and magnetic field.
The inverse dependence of the frequencies on the black
hole mass allows us to write the mass M in terms of fre-
quency, spin and magnetic field. The example of this
dependence in the absence of magnetic field is shown in
the Fig. 4. As it can be seen in the Fig. 4, in the absence
of magnetic field, the calculated frequencies are quite sen-
sitive on the black hole spin a, while the simple heuristic
formula (29) given by dashed line is not dependent on
black hole spin a.
In the following, we will examine magnetic field contri-
bution to the two most relevant geodesic QPO models:
epicyclic resonance and relativistic precession models.
C. Epicyclic resonance (ER) model
The epicyclic resonance (ER) models [1, 51] consider
resonance of axisymmetric oscillation modes of accretion
discs. The frequency commensurability is thus crucial in-
gredient of the resonant models, and a particular case of
this commensurability occurs for the parametric (inter-
nal) resonant phenomena that become strongest in the
case of the 3 : 2 frequency ratio [49, 51]. The simplest
variant of the resonant model is the resonant epicyclic
model where the two resonant modes are identified with
the radial and vertical epicyclic frequencies [51].
νU = νθ, νL = νr (32)
Radial profiles for upper νU and lower νL frequencies for
ER model are given in Fig. 5. In the non-magnetic
case B = 0 (geodesic motion in Kerr spacetime), we have
νθ(r) > νr(r) for any value of spin parameter a. For the
magnetic case B 6= 0, the behaviour of the radial profiles
of the νU and νL frequencies become more complicated,
there exist two separate regions: for small values of radial
coordinate rISCO < r < r1:1 we have νU(r) > νL(r); for
larger values of radial coordinate r1:1 < r <∞, we have
νU(r) < νL(r). In the absence of magnetic field B = 0 the
radii r1:1 where two frequencies coincide (νU(r) = νL(r))
is located at infinity r → ∞. For magnetic case B 6= 0,
there exist two resonant radii r3:2 and r2:3 where one can
produce the observed frequency ratios according to Tab.
I. Thus the radii having importance for our study are
lined up in the following way: rISCO < r3:2 < r1:1 < r2:3.
Fits of the three microquasar sources, HF QPOs mod-
ified ER model of charged particle oscillations in the field
of magnetized black holes, are given in Fig. 6. Four dif-
ferent configurations of orbits (PALO, RLO, PLO and
RALO) for both 3:2 and 2:3 resonances are given. In
absence of the magnetic field, the ER model is not able
to explain the observed HF QPOs in all the three mi-
croquasars, however, in the magnetic case it is possible
- see magnetic field parameter B estimations in Tab. II.
The co-rotating particle model (PALO,PLO) can fit the
microquasar sources quite well, especially for 2:3 reso-
nances, where we can fit all three microquasars with one
value of magnetic field parameter B. Counter-rotating
particle model (RLO,RALO) is successful in fitting for
the RALO case only, the RLO case is completely falsi-
fied to explain the GRO 1655-40 source for any value of
B, while the GRS 1915+105 source can be fitted by the
RLO case only partially.
Increasing the magnetic field parameter B, the charged
particle frequency will change. For the RLO and PLO
cases, such changes become smaller and smaller with
magnetic field B increasing - charged particle dynamics
in magnetic field approaches the ”string-loop” limit [22].
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Figure 5: Radial profiles of upper νU = νθ and lower νL = νr frequencies in HF QPOs ER model. The location of both
resonance radii 3 : 2 and 2 : 3 are going closer to ISCO radius with increasing the magnetic parameter B. 2 : 3 resonance
is possible only in the presence of magnetic field. For B = 0 and a = 0 the resonance radii are placed at r3:2
.
= 10.7 while
r2:3 →∞. Comparing the first row (plotted for B = 0.01) with the second row (plotted for B = 0.1) we can see, that upper νU
and lower νL resonance frequencies (at resonance radii) are increasing with increasing the magnetic parameter B. The lower
frequency νL is more influenced by magnetic field presence than the upper one νL, but this appears due to the influence of the
Lorentz force in radial direction.
Moreover, when B is increased, the predicted frequen-
cies become more independent on the black hole spin a
- frequencies of charged particle oscillation become more
influenced by the magnetic field than gravity for large B.
The existence of new 2:3 resonance radii, at large radii,
is also caused by the magnetic field presence. More de-
tailed consequences of the fitting and discussion of results
is given is Section V.
GRO 1655-40 XTE 1550-564 GRS 1915+105
3:2 PALO 0.03 — 0.05 0.03 — 0.05 ∄ — 0.01
3:2 RLO ∄ 0.08 — 1+ 0.04 — ∄
3:2 PLO 0.00 — 0.04 0.04 — 0.08 ∄ — 0.01
3:2 RALO 0.06 — 0.07 0.05 — 0.06 0.03 — 0.08
2:3 PALO 0.05 — 0.06 0.05 — 0.06 0.03 — 0.06
2:3 RLO ∄ 0.15 — ∄ 0.05 — ∄
2:3 PLO 0.11 — 0.16 0.08 — 0.16 0.03 — 0.12
2:3 RALO 0.06 — 0.07 0.05 — 0.06 0.03 — 0.07
Table II: Constraints of the magnetic parameter B for three
microquasars obtained by the fitting of HF QPOs with ER
model.
D. Relativistic precession (RP) model for HF
QPOs
Relativistic precession (RP) model was introduced in
order to explain the behaviour of the QPOs observed in
X-ray neutron star and black hole binaries [30, 38, 40].
The RP model belongs to the class of geodesic QPOmod-
els, with the frequencies of νU, νL for HF QPOs defined
as
νU = νφ, νL = νφ − νr. (33)
Radial profiles of the upper νU and lower νL frequencies
for the RP model, and position of the related 3 : 2 reso-
nance radii, are given in Fig. 7.
In the absence of magnetic field (B = 0), the RP model
gives νφ > νr. When magnetic field is taken into account,
the limit of the RP model for PALO/RALO configura-
tions corresponds to the emergence of νr = νφ radii. So
for large B there exist radii at which νφ < νr and the
lower frequency νL given by (33) in RP model will be-
come negative and has to be redefined. For RLO/PLO
cases, we have νφ > νr for any value of B parameter and
the RP modes work properly.
The RP HF QPOs model modified by the presence
of the magnetic field is able to match all observed HF
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Figure 6: Fitting of three microquasar sources with HF QPOs ER model of charged particle oscillations with the effect of
magnetic field. On the horizontal axis the black hole spin a is given, while on the vertical axis we give black hole mass M
divided by observed upper HF QPOs frequency µU. Gray boxes are the values of black hole mass M and spin a estimated
from the observations, see table I. Thin lines are given by equation (29) and (32) for different values of magnetic parameter B.
The non-magnetic case B = 0 is represented by thick lines. There could exist both 3:2 and 2:3 resonances and four different
combination of magnetic field / black hole spin configurations, namely PALO, RLO, PLO and RALO, giving thus eight different
cases in total. Co-rotating particle model (PALO and PLO) can fit the microquasar sources quite well, especially in the case of
2:3 resonances, where one can fit all three microquasar. Counter-rotating particle model (RLO,RALO) are successful in fitting
for RALO case only, RLO case is completely unable to fit GRO 1655-40 source for any values of B, while source GRS 1915+105
can be fitted by RLO case only partially.
Figure 7: Radial profiles of upper νU = νφ and lower νL = νφ− νr frequencies in HF QPOs RP model. Resonance radius 3 : 2
is given; location is going closer to ISCO with the increasing of the magnetic parameter B. Comparing the first row (plotted
for B = 0.01) with the second row (plotted for B = 0.1) we can see, that upper νU and lower νL rezonance frequencies (at
resonance radius) are increasing with magnetic parameter B increase.
frequencies with estimated black hole mass M and spin
a, see Tab. I., only in the 3:2 RLO case, see Fig. 9.
In the PALO/RALO cases, the RP model will not work
properly for large values of magnetic parameter with B >
0.1, while for PLO case the magnetic field in the RP
model increases the frequencies to larger than observed
values. In the RLO scenario, the counter-rotating disk
around central black hole is influenced by the magnetic
field with strength B ∼ 0.003. Values of B for every
individual microquasars are given in Tab. III.
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Figure 8: Fits of three microquasar sources, using HF QPOs RP model of charged particle oscillations with magnetic field.
On the horizontal axis the black hole spin a is given, while on the vertical axis we give black hole mass M divided by observed
upper HF QPOs frequency µU. Gray boxes are predicted values of black hole mass M and spin a, see table I. The lines are
given by equation (29) and (33) for different values of magnetic field parameter B, for non-magnetic case B = 0 the lines are
thicker. Only counter-rotating particle model RLO is successful in fitting all three sources.
Figure 9: HF and LF QPOs RP model predictions of black hole mass M and spin a for various values of magnetic filed B are
given by thick black curve. For positive values of B parameter the curve is solid, for nagative values B < 0 the curve is dashed.
Any point o the curve is solution of three equations (35) for three parameters M,a,B. The dark grey area denotes restrictions
on M and a form from spectral fits, light gray denotes only mass M restictions.
GRO 1655-40 XTE 1550-564 GRS 1915+105
3:2 RLO 0.022 — 0.035 0.039 — 0.051 0.013 — 0.065
Table III: Constraints of the magnetic parameter B for the
three microquasars, obtained by the RP model of twin HF
QPOs.
E. RP model assuming simultaneous observations
of HF and LF QPOs
The simultaneous observation of the twin HF QPOs
and the LF QPOs (see Tab.I) in all three considered mi-
croquasars enables us to obtain the stringent restrictions
on the mass and dimensionless spin of the central black
hole, if we assume that all of these QPOs arise at a given
radius of the accretion disc [30]. RP model for simulta-
neous HF and LF QPOs has frequencies νU, νL defined
as
νU = νφ, νL = νφ − νr, νlow = νφ − νθ. (34)
Now, one can use the simultaneously observed values of
HF and LF QPOs fU, fL, flow frequencies and identify
them with formula for RP model (34) through three equa-
tions
fU = νU(M,a,B), fL = νL(M,a,B),
flow = νlow(M,a,B) (35)
for three independent parameters - black hole mass M ,
spin a and magnetic parameter B. For different values of
the magnetic parameter B, different combinations of the
mass M and spin a can be obtained, see results in Fig.
9. Only for corotating particles (PALO B > 0 and PLO
B < 0) the real solution of Eq. (35) can be found.
However, the restrictions on the black hole massM and
spin a given by the particle oscillations in the absence
of magnetic field, B = 0, are in contradiction with the
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values obtained from the spectral fits for GRO J1655-40
and GRS 1915+105 source [46]. For B = 0, only the XTE
1550-564 source fits mass M and spin a restrictions from
Tab. I. Note that in accord with the idea of [46], we
could remove the discrepancy with fitting to the limits
on the BH spin a given by the spectral measurements by
breaking the assumption that the twin HF QPOs and the
LF QPO arise at the same radius.
Taking magnetic field B into account, we are able to
fit mass M of individual central object given in Tab. I.
Then the spin a and magnetic field B can be estimated
using (35). The results are summarised in Tab. IV, where
we can observe that the RP model for HF and LF QPOs
with magnetic field is predicting lower values of the spins
a than the predictions due to the spectral fits.
GRO 1655-40 XTE 1550-564 GRS 1915+105
B 0 0 0
M 5.3 9.6 15.4
a 0.29 0.43 0.40
B 0.004 — 0.008 -0.003 — 0.000 -0.005 — 0.007
M 6.03 — 6.57 8.5 — 9.7 9.6 — 18.4
a 0.43 — 0.52 0.28 — 0.44 0 — 0.56
Table IV: Black hole mass M and spin a restrictions for three
microquasars given by RP model with LF QPOs. We used
HF and LF QPOs frequencies from Tab. I. First three rows
are predictions for nonmagnetic B = 0 case, while the second
there rows are spin a and magnetic field B predictions for
observed mass M restrictions from Tab. I.
V. DISCUSSION
We have studied the influence of an external weak mag-
netic field, approximated as asymptotically uniform with
field lines oriented along the black hole rotation axis, on
the motion of charged particle in its relation to the ex-
planation of QPOs observed in microquasars. We have
shown that the effect of even weak magnetic field on
the motion of charged particles cannot be neglected and
moreover, in the oscillatory phenomena of charged parti-
cles the influence of magnetic field is dominant over the
influence of the black hole rotation. We have demon-
strated that in order to fit the observational frequencies
of HF QPOs with the epicyclic resonance model, the ef-
fect of external magnetic field can be sufficient.
In this article we assume the magnetic field to be uni-
form. Real magnetic fields around microquasar black
holes and their accretion disks are far away from being
completely regular and uniform, the Wald uniform mag-
netic field solution is used as a useful approximation. In
the case of QPOs models, it is enough to assume unifor-
mity of the magnetic field in the region where the oscilla-
tory motion occurs. Fitting of the observed QPOs with
the charged particle oscillations put limits on the values
electron proton Fe+ charged dust
B = 0.004 10−5 G 0.02 G 1 G 108 G
Table V: Magnitudes of magnetic fields B in Gauss units for
magnetic parameter B = 0.004 and stellar mass black hole
M = 10 M⊙. Test particles with different specific charges
q/m ratios are assumed - from electron, proton and partially
ionized Ferrum atom (one electron lost) to charged dust grain
(one electron lost, m = 2× 10−18 kg).
of the magnetic parameter B, which however contains,
together with the field strength, also the specific charge
of the oscillating test particles. This implies that in or-
der to make proper estimation of the magnetic field val-
ues in the vicinity of particular microquasars, one needs
to identify first the type of oscillating matter. In our
approach, the ”charged particle” can represent matter
ranging from electron to some charged inhomogeneity or-
biting in the innermost region of the accretion disk. The
specific charges q/m for any of such structures will then
range from the electron maximum to zero. Recalling the
physical constants in the dimensionless magnetic param-
eter as B = |q|BGM/(2mc4), we get the magnetic field
strength in Gauss
B =
2mc4B
qGM
[G], (36)
where the quantities are given in CGS units, see Tab. V.
Assuming the oscillating particles to be electrons (as
the main candidate source of synchrotron radiation pro-
ducing X-rays), we get the estimations of the strength
of magnetic field in the regions around the three micro-
quasars as given in Table VI. Surprisingly, the range
of the magnetic field magnitude estimates coincides with
the measurements of the strength of large-scale Galactic
magnetic fields.
GRO 1655-40 XTE 1550-564 GRS 1915+105
ER model
PALO 11.5 — 23.0 8.2 — 16.3 0 — 14.5
RLO ∄ 21.8 — ∞ 9.6 — ∞
PLO 0 — 61.4 10.9 — 43.6 0 — 28.9
RALO 23.1 — 26.9 13.6 — 16.3 7.2 — 19.3
RP model for HF QPOs only
RLO 8.4 — 13.4 10.6 — 13.9 3.1 — 15.7
RP model for HF and LF QPOs
1.5 — 3.1 0.8 — 0.8 0.0 — 1.7
Table VI: Magnitude of magnetic filed for three microquasars,
obtained by the fitting of the QPOs frequencies with the fre-
quencies of the oscillations of an electron. We use combined
values for ER model 3:2 and 2:3 resonances (Tab. II) and also
values for RP model (Tab. III. and IV.). All numbers in the
table are in units of 10−5 Gauss.
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The values of magnetic parameter B sufficient to fit the
observational frequencies of different sources are given in
Tab. II. In all cases, one can predict the magnitude of
magnetic field parameter to be of the order of B ∼ 10−2.
Assuming that the QPOs appear due to the oscillations of
electrons inside accretion disk one can estimate the mag-
netic field strength for a particular microquasar with the
help of Eq.(36) and Tables I and II. The estimates of the
strength of a magnetic field in the vicinity of the three
microquasars are given in Table VI. The different class
of orbits can correspond to the different configurations
of an accretion disk (corotating or counterrotating) and
different alignments of the magnetic field lines. As one
can see from Table VI, the estimated values of the mag-
netic field in all cases for all microquasars with different
configurations of accretion disks are of the same order,
10−5 ÷ 10−4 Gauss which suggests the interpretation of
the origin of these fields as the Galactic magnetic field.
There are many indications that the magnetic field must
be present in the interstellar medium, and our estimates
are in accord with these observations. There were also
several attempts to estimate the strength of magnetic
field in the vicinity of the three microquasars considered
in the present paper. The estimates were using differ-
ent methods for each source, independently on the QPO
models. Here are few of them.
Magnitude of the equipartition magnetic field around
the microquasar GRS 1915+105, has been estimated to
be ∼ 8 G in [15], being based on the assumption that the
repeated radio events are synchrotron in origin.
Fitting the flux data of the X-ray jets from the micro-
quasar XTE J1550-564, with the trans-relativistic exter-
nal shock model based on the analogy with the gamma-
ray burst remnants [56], the authors suggested the mag-
netic field strength of the value 5×10−4 G. Similar values
have been confirmed in [21] from the observation of both
jets of XTE J1550-564.
For the microquasar GRO J1655-40, the magnetic
field strength has been estimated in [20], using the
synchrotron-self-Compton model where the strength is
obtained to be in the range between 0.05 G and 49 G,
depending on the parameters of the model.
If one assumes the HF QPOs to be produced due to
the oscillations of heavier than electrons particles, the
estimates of magnetic field strength in our model will in-
crease accordingly. For protons surrounding a black hole
with 10 M⊙, the magnetic field strength with average
value of the magnetic parameter B = 0.05 gives a value
of 0.2 G. Some QPOs were detected in the modulations
of an iron line of spectra. Thus, if one assumes that the
QPOs come from the oscillations of iron atoms, one can
get the magnetic field of 12 G, for the black hole with
10 M⊙ and equipartition magnetic parameter B = 0.05.
The physical interpretation of the X-ray emission from
heavy particles, such as ions, can be realized by consid-
ering, e.g., the nuclear-Compton scattering processes. As
one can see, the estimates of the strength of the magnetic
field in our models do not disprove the independent mag-
netic field measurements. In the case of LF QPO, which
was simultaneously observed with HF QPOs, the fitting
by the RP model gives the average magnetic parameter
B = 0.005 for all sources. Using similar estimates way, as
described above we get the strength of a magnetic field of
an order of (1− 10)× 10−6 G assuming the synchrotron
emission to be produced by electrons.
There are still some open questions and unresolved is-
sues in the presented magnetic HF QPOs model. QPOs
frequencies fU, fL observed in microquasars are notori-
ous to be constant through time. They remain constant
for different accretion disk regimes, where the accretion
rates M˙ are assumed to be different. For magnetic HF
QPOs models this means that the external uniform mag-
netic field (or et last B parameter) must also be con-
stant through time. The stability of HF QPOs frequen-
cies observed for black hole binaries, become apparent
with comparison of HF QPOs observed in neutron star
binaries - the neutron star HF QPO frequencies are sub-
stantially changing in time. Maybe, this tells something
about the structure of magnetic field around neutron
star/black hole objects. For neutron stars the magnetic
field is assumed to be much stronger and complicated,
having dipole character. On the other hand, our results
indicate that for the black hole binaries the Galactic mag-
netic field could be relevant that can be expected nearly
constant on year timescales relevant for QPO observa-
tions.
VI. CONCLUSIONS
The oscillatory frequencies of charged particles in
black hole surroundings filled with asymptotically uni-
form magnetic field can be well related to the frequencies
of QPOs observed in the microquasars GRS 1915+105,
XTE 1550-564, GRO 1655-40. We can summarise main
results for magnetic ER and RP models as follows:
• Influence of magnetic field B on charged particle
oscillatory motion can mimic the influence of the
black hole rotation a for co-rotating particles - the
ISCO can be shifted towards to the black hole hori-
zon by magnetic field presence, and charged parti-
cle oscillatory frequencies can be increased due to
the magnetic field, as shown in Fig. 1.
• Frequencies given by the magnetized versions of the
QPOs geodesic models are dependent only slightly
on the black hole spin a - the effect of weak mag-
netic field on the charged particle oscillations is
stronger than the corresponding contribution of
the black hole rotation. In the magnetized QPOs
model, we obtained the formula ν ∼ 1/M , similar
to the Eq. (29), and hence we can fit data from
all the three considered microquasars with a single
QPOs model.
• Contrary to the neutral particle motion, the
15
charged particle motion around black hole im-
mersed into magnetic field is driven by non-linear
equations of motion. Without non-linearity there
is no resonance between νU and νL modes of oscil-
lation. Magnetized HF QPOs models will give not
only the possibility to fit the values black hole spin
a and M , but provide potentially also explanation
of the asumed resonances.
• It was demonstrated that both the magnetized ver-
sions of the standard ER and RP models of twin HF
QPOs can explain the observationally fixed data
from the three microquasars, GRS 1915+105, XTE
1550-564 and GRO 1655-40, if we assume nearly
equal (of the same order) magnitude of the exter-
nal (near-uniform) magnetic field, and limits on the
black hole mass M (and dimensional spin a) given
by independent optical (spectral continuum) mea-
surements. The assumed magnetic field magnitude
is in agreement with estimates of the Galactic mag-
netic field for the electron case.
• The magnetic ER model admits both the co-
rotating and counter-rotating disks, while the RP
model admits counter-rotating disks only. More-
over, in the RP model containing naturally also
the explanation of the simultaneously observed LF
QPO, we have found a contradiction with the lim-
its on spin in the microquasars GRS 1915+105 and
GRO 1655-40, if the creation of both HF QPOs
and the related LF QPOs occurs at the same ra-
dius. As proposed in [46], this controversy could
be solved by breaking assumption of common loca-
tion of the twin HF QPOs and LF QPOs. Problem
of lower predicted black hole spins a, given by the
RP model with the LF QPOs, could be also solved,
assuming magnetic corrections to the spectral con-
tinuum model, which can decrease limits the on the
black hole spin.
• In the magnetized RE or RP models related to the
twin HF QPOs, the uniform magnetic field is nec-
essary ingredient only in the vicinity of the black
hole horizon where the epicyclic oscillations have
to occur. Therefore, the state of the accretion disk
should be relatively regular, corresponding to qui-
escent disks with sufficiently low accretion flow,
allowing for existence of nearly uniform magnetic
field near the horizon. This really corresponds to
the so called hard states where the HF QPOs are
observed [14]. In the so called soft states, related to
high accretion rates and relatively irregular disks,
no HF QPOs are observed, thus we can expect that
the uniformity of the magnetic field in the horizon
vicinity becomes strongly violated by the strong ir-
regular accretion flow.
The charged test particle oscillatory frequencies are
sensitive to any magnetic field presence. The applica-
bility of the magnetized HF QPO ER and RP models
for QPOs observed in completely different sources allows
us to conclude that the proposed models with inclusion
of the effect of magnetic field can be considered as one
of the possible explanations of the HF QPOs occurring
in the field of microquasars. Assuming the main source
of synchrotron radiation producing X-rays are the rela-
tivistic electrons, we estimate the magnetic field in the
vicinity of the black hole in the three sources to be of or-
der 10−5 G which can serve as possible signature of the
Galactic magnetic field magnitude. For heavier particles
(ions, charged hotspots) much larger magnetic fields are
necessary for fitting the data. The model also gives lim-
its on character of oscillating matter and intenzity of the
magnetic field.
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